In hybrid damper systems active control devices are usually introduced to enhance the performance of otherwise passive dampers. In the present paper a hybrid damper concept is comprised of a passive viscous damper placed in series with an active actuator and a force sensor. The actuator motion is controlled by a filtered integral force feedback strategy, where the main feature is the filter, which is designed to render a damper force that in a phase-plane representation operates in front of the corresponding damper velocity. It is demonstrated that in the specific parameter regime where the damper force leads velocity the control is stable and yields a significant improvement in damping performance compared to the pure viscous damper.
Introduction
Supplemental passive dampers (Fu and Kazai, 1998; Sorace and Terenzi, 2008) and base-isolation systems (Snowdon, 1979) are used in many aspects of structural engineering for mitigation of excessive dynamic response (Symans et al., 2008) . However, improved damping performance compared to the passive case may be obtained by combining pure energy-dissipating installations with active elements to form so-called active/passive or hybrid damper systems (Thenozhi and Yu, 2013) . Hybrid systems have been proposed for base-isolation (Beard et al., 1994; Xiong et al., 2000; Shin et al., 2013) and seismic protection systems (Tzan and Pantelides, 1994; Sener and Utku, 1998; Kurata et al., 1999; Kim and Adeli, 2005) . In these systems the 'passive' properties of the system are often governed by basic load-carrying requirements and thereby appear nonoptimal with respect to the transmissibility problem. Thus, the augmentation to hybrid form allows the base-isolation system to maintain its structural integrity, while enhancing the isolation properties by suitable control of the additional active member. Hybrid damper forms have also been suggested in so-called active tuned mass dampers (Lee-Glauser et al., 1997; Mitchell et al., 2012) or active vibration absorbers (Kwak et al., 2002; Tso et al., 2012) , where the aim of the active control unit may be to improve the performance of the absorber with respect to transient response during for example an earthquake, reduce the absorber mass without loss of performance or simply increase the operational bandwidth of the absorber. Finally, hybrid control has also been considered in damping layer treatment of beams and plates, where the damping efficiency of passive energy-dissipating (constrained) layers is improved effectively by the incorporation of active piezoelectric elements (Benjeddou, 2001; Trindade and Benjeddou, 2002; Trindade, 2011) .
In the present paper a pure viscous dashpot is placed in series with both an active actuator and a force sensor, where the actuator motion is controlled by a decentralized collocated control algorithm based on feedback from the force sensor. The force feedback concept has been effectively used in space structure applications, where Preumont and coworkers have successfully implemented integral force feedback (IFF) for piezoelectric vibration control of truss structures (Preumont et al., 1992 (Preumont et al., , 2008 and in active tendon control (Preumont and Achkire, 1997) . In piezoelectric vibration control the transducer is conveniently placed in series with the force sensor, whereby the force measurement indirectly represents the displacement signal through the elastic properties of the piezoelectric transducer. Thus, the integration of the force provides a signal in phase with the energy-conjugated velocity, whereby damping is obtained by IFF. A thorough introduction to the IFF control approach and the corresponding implementation aspects can be found in the book by Preumont (2011) . Alternative feedback strategies suitable for, in particular, piezoelectric vibration control have been proposed by Chen and Lurie (1992) and Kanestrøm and Egeland (1995) , while Hyde and Anderson (1996) consider the application of force feedback control together with a (viscous) voice coil element instead of a piezoelectric transducer. In the case of active tendon control Guo et al. (2008 Guo et al. ( , 2012 have proposed various modifications of the IFF control by Preumont and Achkire (1997) . In Guo et al. (2008) a proportional-integral (PI) control format is introduced, while recently in Guo et al. (2012) a filtered IFF format results in a stable format which introduces a dissipative viscous component together with a proportional term, representing positive control stiffness. Furthermore, in Smrz et al. (2011) the IFF approach has been modified to give the so-called beta-controller, which is able to effectively introduce damping to the structure and maintain the static stiffness of the active tendons.
The aim of the present paper is to formulate a robust and effective control strategy, where the actuator motion is controlled by a filtered integration of the force feedback signal from the force sensor. Because the actuator is placed in series with the dissipative viscous dashpot the purpose of the control is to alter the apparent characteristics of the combined device so that larger damping ratios are obtained for the flexible structure, compared to the pure viscous case without active control. The hybrid damper concept is presented in Section 2, which also proposes a calibration of the filter constant. The robustness and performance of the hybrid damper concept are then demonstrated in Section 3, where stability limits are derived in Section 3.1, while the damping efficiency is subsequently assessed in Sections 3.2 to 3.4 by a root locus, a frequency response and a time transient analysis, respectively. It is shown that for an appropriately filtered force signal the feedback control of the hybrid concept yields a significantly more effective damper system than the passive viscous damper. The results are summarized in Section 4, which also addresses some aspects concerning the possible implementation of the control, and identifies some main limitations and drawbacks of the hybrid viscous damper.
The hybrid damper concept
The hybrid damper concept is illustrated in Figure 1 . It is composed of a viscous dashpot with coefficient c in series with a load cell which measures the damper force f(t) and an active actuator or strut with stroke or piston motion q(t). In structural engineering applications servohydraulic actuators are often used to realize active control strategies, and as demonstrated by Gao and Dyke (2014) the desired actuator motion q(t) may effectively be tracked by a simple proportional-integral-derivative (PID) approach. Furthermore, the experimental setup in Gao and Dyke (2014) combines an actuator placed in series with a load cell and a spring, and is therefore similar to the hybrid damper shown in Figure 1 (b), which contains a viscous dashpot instead of an elastic spring.
Filtered IFF
The motion of the hybrid damper is denoted u(t), which means that the velocity over the viscous dashpot is _ uðtÞ À _ qðtÞ, where the dot denotes the time derivative. The viscous damper force is therefore given as The performance of the hybrid damper depends on the particular force feedback control of the actuator motion. In the present paper the actuator velocity _ qðtÞ is governed by a filtered IFF approach, described by the differential equation
with control gain g and filter time scale ! 0. For ¼ 0 the filter equation (2) recovers the pure IFF format introduced by Preumont et al. (1992) for control of piezoelectric transducers, while in the case of a vanishing control gain (g ¼ 0) the passive viscous damper without actuator motion (q ¼ 0) is recovered.
Frequency domain analysis
The characteristics of the hybrid damper are investigated in the frequency domain by assuming the complex harmonic solution forms
with angular frequency ! and motion amplitudes identified by a bar. The damper force in (1) is then given as
while the feedback equation (2) can be written as
When the actuator stroke q is chosen as the control variable the transfer function
defines the feedback relation q ¼ Gð!Þ f shown in Figure 1 (b). The damper performance of the hybrid damper is investigated by considering the transfer relation between damper force and damper motion,
where the nondimensional control gain is introduced as
The real and imaginary parts of the normalized complex stiffness modulus Kð!Þ are
The frequency characteristics of the hybrid damper are illustrated in Figure 2 in terms of the magnitude
and the phase angle ' determined from the apparent loss factor relation
Energy dissipation requires that Im ½Kð!Þ 4 0, which immediately introduces the condition 5 1. Furthermore, it is seen in Figure 2 (b) that for 5 0 the phase angle ' 4 =2. This means that in a phase vector representation, as in Figure 3 (a), the damper force f acts ahead of the damper velocity _ u. The corresponding time harmonic response is shown in Figure 3 (b) and it is seen that with a phase lead (' 4 =2) the force f crosses equilibrium before the velocity _ u. As demonstrated in Høgsberg and Krenk (2006) and Høgsberg (2006) such a phase lead of the damper force relative to the velocity results in improved damping performance as compared to the pure viscous case with a damper force fully in phase with velocity. In Figure 2 (b) the control gains ¼ À2:0 (red) and -4.0 (blue) represent the particular cases with a phase lead, and it is furthermore observed that for negative values of the phase angle ' has a maximum with respect to the nondimensional frequency !. This is determined by the condition d tanð'Þ=d ð!Þ ¼ 0, which gives the relation
Substitution of this relation into (11) leads to the reduced expression for the maximum phase angle
In Figure 2 (b) the solutions comprised of (12) and (13) are marked by asterisks, and the particular case with ¼ À4:0 and maximum phase angle ' ' 0:75 is shown in Figure 3 . For the present hybrid concept with 5 0 the time scale should be chosen according to (12) to maximize the phase lead of the damper force and thereby maximize the attainable damping level.
As explained previously equation (2) recovers the IFF control format in the limit ¼ 0. It follows from (7) that in this limit the damper force relation reduces to f= u ¼ i!c= ffiffiffiffiffiffiffiffiffiffiffi 1 À p , and the hybrid damper with pure IFF therefore operates as a viscous damper with viscous coefficient c= ffiffiffiffiffiffiffiffiffiffiffi 1 À p . In Figure 2 (b) this property corresponds to all curves approaching the phase angle ' ¼ =2 for vanishing nondimensional frequency (! ! 0).
Damping of a flexible structure
As shown in Figure 1 , in the present paper it is assumed that a single hybrid viscous damper acts on a flexible structure, represented by a discrete numerical model. The equations of motion for the structural degrees of freedom in the vector uðtÞ can therefore be written as
where M, C and K are the mass, damping and stiffness matrices, respectively, fðtÞ is the external load vector and w is the connectivity vector, which defines the spatial attachment of the hybrid damper. The hybrid damper is collocated, which means that the damper motion is uðtÞ ¼ w T uðtÞ. In Figure 1 the hybrid damper acts on the relative (horizontal) motion between the first floor and the second floor of a shear frame structure, which implies
In the following the 10-storey version (n ¼ 10) of the shear frame structure is used to illustrate the properties and performance of the hybrid viscous damper concept. Details about the shear frame model are provided in the Appendix.
In the remaining part the performance and properties of the hybrid viscous damper are illustrated with respect to damping of flexible structures. It is therefore convenient to eliminate the damper force f(t) in both (14) and (2) governing closed-loop equations can be written in compact matrix form:
with zero column vector 0. Next, the stability conditions for the filtered IFF control are derived, whereafter the damping performance is investigated by a root locus, a frequency response and finally a time transient analysis.
Closed-loop stability
The stability of the control is analyzed for the closedloop system of equations in (15) with external load vector fðtÞ ¼ 0. These equations are now investigated with respect to Lyapunov stability (Preumont, 2011) for positive and negative values of , respectively. The intermediate case with ¼ 0 is notoriously stable because it corresponds to passive viscous damping without actuator motion.
3.1.1. Positive gain. First consider the case with g > 0, whereby ¼ cg 4 0. With respect to the nonnegative energy functional
the corresponding rate can be obtained from (15) as
It is seen that _ V 0 for 1, so the system is Lyapunov-stable for 0 5 1.
3.1.2. Negative gain. Now consider the case with g < 0, whereby ¼ cg 5 0. With respect to the nonnegative functional
It is found that _ V 0 for 5 0, which means that the system is Lyapunov-stable for 5 0. This concludes the closed-loop stability analysis, which shows that the filtered IFF control is stable for 1.
Root locus analysis
The damping performance of the hybrid damper concept is initially illustrated by a root locus analysis with respect to increasing viscous coefficient c and fixed values of and . Thus, for a particular locus in the complex plane with constant the control gain g is inversely proportional to the increasing viscous parameter c via the relation (8). The equations of motion in (15), with external load vector fðtÞ ¼ 0, are now written in state-space form, 
The complex-valued natural frequencies ! j associated with damped free vibrations are obtained from the eigenvalues ði!Þ j of the system matrix in (20). In the present analysis the eigenvalues are directly obtained by the function damp in Matlab. The structural damping matrix C is omitted in the numerical analyses of the present paper. Figure 4(a) shows the four root loci for the first vibration mode of the 10-storey shear frame structure with ¼ 0:5 (magenta), 0.0 (black), -2.0 (red) and -4.0 (blue), respectively. The filter time scale is determined according to (12) as ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi 1 À p =! 0 1 , where ! 0 1 is the corresponding undamped natural frequency of the first vibration form. Expressions for the natural frequencies and mode shapes of the shear frame model are presented in the Appendix. The curve for ¼ 0 in Figure 4(a) represents the pure viscous case without piston motion, and details concerning the efficiency and tuning of local viscous dampers on flexible structures are given by Main and Krenk (2005) . It is seen in Figure 4 (a) that improved damping performance is obtained for 5 0, while the curve for ¼ 0:5 indicates that a phase angle ' 5 =2 leads to a reduction in attainable damping compared to the viscous reference case. Figure 4(b) shows the corresponding modal damping ratio 1 , evaluated as the relative imaginary part of the natural frequency,
The optimal viscous coefficient is determined with respect to the maximum modal damping ratio for each value of by a simple numerical search procedure, and the circles in Figure 4 (a) represent the complex natural frequencies associated with these optimal viscous coefficients. In Figure 4(b) the viscous coefficient c is normalized by the optimal viscous coefficient c 0 for the passive viscous case with ¼ 0 and by the correction factor ffiffiffiffiffiffiffiffiffiffiffi 1 À p
. It is seen in Figure 4 (b) that the normalization of c by c 0 ffiffiffiffiffiffiffiffiffiffiffi 1 À p estimates the optimal viscous coefficient for the remaining cases ( 6 ¼ 0) with high accuracy. It is furthermore seen from Figure 4 (b) that the maximum damping ratio max ¼ 0:178 for ¼ À4:0 is approximately three times larger than max ¼ 0:051 for the passive case with ¼ 0:0, while for ¼ 0:5 the maximum damping ratio reduces to max ¼ 0:035. Thus, the proposed filtering of the force signal in (2) leads to a significant increase in attainable damping for 5 0, compared to the passive viscous case with ¼ 0, and in general it may be concluded that attainable damping for the targeted vibration mode increases with decreasing .
The complex-valued mode shapes for the first vibration form of the shear frame structure are shown in Figure 5 . The mode shapes are determined for the maximum damping case, represented by the circles in the root locus diagram in Figure 4(a) , and normalized to unity at the top floor. The blue curves with asterisks represent the real parts of the mode shape vector, while the magenta curves with circles represent the corresponding imaginary parts. The additional black curves represent the undamped mode shape. Figure 5(a) shows the passive viscous case with ¼ 0, and it is seen that the change in mode shape relative to the undamped case is only moderate. When increasing the magnitude of 5 0 it is seen in Figure 5(b) and (c) that the imaginary part of the mode shapes increases locally at damper position. This represents a large change in phase angle and thereby a more pronounced wave-like motion of the particular vibration form, which means that the hybrid damper with increasing magnitudes of 5 0 acts increasingly as an energy sink, and consequently dissipates more energy.
Frequency response analysis
The root locus analysis of the previous section represents the idealized case of free vibrations, without any modal interaction. This means that for realistic response and/or loading conditions the attainable damping determined from the root locus analysis may not be entirely realizable. Therefore, forced response characteristics are now considered in terms of a frequency response analysis, where harmonic motion is assumed by the complex representations uðtÞ ¼ u expði!tÞ, qðtÞ ¼ q expði!tÞ, fðtÞ ¼ f expði!tÞ ð22Þ
where ! represents the driving frequency and a bar denotes the frequency amplitude. Upon substitution of (22) into the governing equations (15), the frequency amplitudes u and q can be determined with respect to the load amplitude f from the equation
where the motion of the hybrid damper is subsequently obtained as u ¼ w T u. In the present case the distribution of the external force is assumed to be homogeneous, whereby the force vector can be written as
with constant load intensity f 0 . This homogeneous spatial distribution of the load is chosen mainly because it activates the first vibration mode of the structure and thereby enables a direct comparison with the damper performance found by the root locus analysis in Section 3.2. Figure 6 shows the frequency-dependent amplitudes for the harmonic response of both the structure and the hybrid damper, obtained from (23). The three curves in Figure 6 represent ¼ 0:0 (black), -2.0 (red) and -4.0 (blue), respectively, and the filter time scale is again determined to be ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi 1 À p =! 0 1 . Figure 6(a) shows the magnitude of the top-floor response amplitude u top normalized by the corresponding static top-floor deflection u 0 top , where the curves in Figure 6 (a) represent dynamic amplification factors. It is seen that the amplitude of the structural response is reduced when the magnitude of 5 0 is increased. At the resonance frequency (! ¼ ! 0 1 ) the dynamic amplification factor is 1=ð2 1 Þ when the response is entirely represented by a single mode. In the present case the presence of the damper leads to modal interaction and the estimation of the damping ratio by the resonance peak is therefore only an approximation. From the magnitudes of the resonance peaks in Figure 6 (a) it is found that 1 ¼ 0:051, 0.088 and 0.112 for ¼ 0:0, -2.0 and -4.0, respectively. When comparing these estimates with the results in Figure 4(b) it is found that the maximum values obtained by the root locus analysis are not entirely reached, which is due to the significant modal interaction introduced by the hybrid damper, in particular for 5 0. The amplitude of the hybrid damper stroke u is shown in Figure 6(b) , and it is seen that j uj in fact decreases for increasing magnitudes of 5 0. This is because the phase angle ' 4 =2 for 5 0, so the actuator motion q actively follows the damper force response. Further, because the magnitude of the actuator motion j qj, shown in Figure 6 (c), increases with the magnitude of , the total damper motion amplitude j uj will consequently decrease. Finally, the damper force amplitude j f j is provided in Figure 6(d) , which shows that the magnitude of the damper force is also reduced, similar to the damper motion in Figure 6(b) . Although the large damping ratios from the root locus analysis are not fully attained, the frequency response analysis demonstrates that the filtered IFF control leads to a significant reduction in the vibration amplitudes for negative values of the nondimensional control gain .
The hybrid damper concept is effective for the targeted vibration mode and the response mitigation improves with increasing magnitudes of 5 0. However, as demonstrated in Figure 5 , increasing the magnitude of also introduces a more pronounced change in the vibration mode locally at damper position, which inherently activates higher vibration modes. The consequence of this increasing spillover is illustrated in Figure 7 , which shows the top-floor dynamic amplification for the (a) second and (b) third vibration modes of the shear frame structure. It is seen that when increasing the magnitude of the dynamic amplification in fact becomes larger around resonance for these residual modes, which is just the opposite of the reported behavior in Figure 6 (a) for the targeted first vibration mode. Thus, a potential disadvantage of using the present hybrid damper concept with negative is the more localized damping effort around the target mode as compared to the passive viscous damper.
The maximum phase angle of the filtered IFF control is identified by the asterisks in Figure 2(b) , and the corresponding time scale is governed by the relation (12) and therefore determined to be ¼ ffiffiffiffiffiffiffiffiffiffiffi 1 À p =! s , where ! s has been chosen as the natural frequency ! 0 1 of the first vibration mode. Figure 8 shows the dynamic amplification of the top-floor response for (a) ¼ À2:0 and (b) ¼ À4:0, where the five curves, from left to right, in each sub-figure represent ! s =! 0 1 ¼ 2 (black), 4/3 (red), 1 (blue), 3/4 (red) and 1/2 (black), respectively. Thus, the sequence of curves in Figure 8 illustrates the sensitivity of the control calibration with respect to the change in filter time scale . The results in the figure show that ! s ¼ ! 0 1 gives the superior amplitude reduction. However, the rather significant detuning of the time scale associated with ! s =! 0 1 ¼ 4=3 and 3/4 also provides good damping performance, and even for the very severe cases ! s =! 0 1 ¼ 2 and 1/2 the increase in dynamic amplification is limited to around 50%. Thus, the calibration of the filtered IFF control appears to be fairly robust with respect to the choice of filter time scale .
Time-dependent analysis
This section considers a transient vibration analysis of the shear frame structure in Figure 1 , where the hybrid damper is again located between the first floor and the second floor. The governing system equations are given in (15), and as in the root locus and frequency response analysis structural damping is omitted (C ¼ 0). The governing equations are solved simultaneously by the average acceleration scheme of the Newmark time integration method (Geradin and Rixen, 1997) , without introduction of numerical damping. The time increment is chosen so that the vibration period of the first undamped vibration mode is represented by 200 time increments, which implies that the fastest vibration mode of the shear frame structure is sufficiently resolved by approximately 15 time increments.
In this transient analysis the shear frame structure is loaded locally at the top floor by a linearly increasing force, which is then removed instantaneously after two vibration periods. The time-dependent external load vector is given as fðtÞ ¼ pðtÞ½0, 0, . . . , 0, 1 T where the linear ramping of the load intensity is described as
In this representation T 0 1 ¼ 2=! 0 1 is the vibration period of the first undamped vibration mode. The local action of the external loading at the top floor together with its transient temporal behavior activate the higher vibration modes of the structure. Thus, the results of this time transient analysis illustrate both the ability of the hybrid viscous damper to damp transient response and the influence of the energy spillover from the residual modes shown in Figure 7 .
The time histories of the structural and hybrid damper response are shown in Figure 9 , where the three curves in each sub-figure again represent ¼ 0:0 (black), -2.0 (red) and -4.0 (blue), and where the filter time scale ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi 1 À p =! 0 1 . The time histories of the top-floor response u top are shown in Figure 9 (a). The curves are normalized by the corresponding static top-floor deflection u 0 top associated with the load level p 0 . The figure shows that for 5 0 the performance of the hybrid damper, assessed in terms of exponential decay, improves with increasing magnitudes of . The damping ratio 1 is estimated by the logarithmic decrement evaluated between both the first and fourth maximum and the first and fourth minimum of the free vibration response. This procedure gives the average damping ratios 1 ¼ 0:053, 0.093 and 0.124 for ¼ 0:0, -2.0 and -4.0, respectively, which are in good agreement with the corresponding estimates from the harmonic analysis of Section 3.3. The exponential decay curves relative to the first maximum and minimum are plotted as dashed curves in Figure 9 (a). They are seen to represent the free vibration decay curves fairly well. The significant modal interaction introduced by the filtered force feedback control for 5 0 results in a quite irregular response at low amplitudes, and in Figure 9 these irregularities are particularly pronounced due to the omission of structural damping in the present numerical model.
The damper response u(t) is shown in Figure 9(b) . For the passive viscous case with ¼ 0 the damper motion exhibits a monotonically decaying amplitude envelope. For the active cases with 5 0 the damper motion experiences an overshoot during the first vibration period of the free response, which counteracts the initial transient response and thereby attenuates the overall vibrations more effectively than the passive viscous damper. Figure 9 (c) shows the actuator motion q(t), which is zero in the passive case with ¼ 0, while for 5 0 the magnitude of the initial transient behavior increases with the magnitude of . The damper force f(t) obtained by (1) is finally shown in Figure 9(d) . It is seen that the damper force response is quite irregular, with a large initial transient part in the beginning of the free vibration response. In general, Figure 9 (b) to (d) shows that the magnitude of the initial transient damper response increases with the magnitude of , which is just opposite of what has been concluded for the harmonic analysis in connection with Figure 6 , where the damper amplitudes u and f are in fact reduced with increasing magnitudes of . Thus, in the transient analysis the large damper response during the initial part of the free vibration response occurs because the active control of the hybrid damper system is able to compensate for the transient structural motion at the damper location by a significant actuator motion, which again yields the desired improved response attenuation observed for the top-floor response in Figure 9(a) .
Summary
The hybrid damper is composed of a viscous dashpot in series with an active actuator and a load cell. A main contribution of the present research is the formulation of a suitably filtered IFF control of the actuator motion, which produces a damper force component that operates ahead of the energy-conjugated velocity in a phase-plane vector representation and thereby introduces improved damping performance as compared to the passive viscous benchmark damper. The phase lead of the damper force is the key ingredient in the present control format, and as demonstrated in connection with Figure 2 (b) maximum phase lead is obtained by the relation in (12). Thus, the filter is effectively calibrated by ¼ ffiffiffiffiffiffiffiffiffiffiffi 1 À p =! s , where ! s is conveniently chosen as the natural frequency of the particular vibration mode addressed by the hybrid damper. The time scale in (2) is now eliminated by this relation. Hereby the control equation (2) where the actuator velocity vðtÞ ¼ _ qðtÞ is considered as an independent state variable. The actuator motion q(t) is subsequently found by time integration of the velocity. However, to avoid drift in the actuator motion the integration is conveniently performed via the filter !ðtÞ þ _ qðtÞ ¼ vðtÞ ð 25Þ
where the first term on the left-hand side is introduced to avoid saturation and instabilities in the actuator command signal q(t) by replacing the zero pole s ¼ 0 in (2) by the pole s ¼ À! q on the negative real axis in the Laplace domain. This additional term in (25) is similar to the introduction of the 'forgetting factor' in the discrete time realization of the IFF implemented by Preumont et al. (1992) . For ¼ 0 the feedback control equations (24) and (25) yield q(t) ¼ 0 and thereby the passive viscous case, whereas for 5 0 the actuator motion alters the hybrid damper force so that improved damping performance is obtained with respect to vibration mitigation of flexible structures. However, the application of the hybrid viscous damper is also associated with some limitations and potential drawbacks. First of all, the above-mentioned saturation and stability issue associated with the integration of the damper force is resolved by adding the first term in (25), which inherently introduces a compromise because the corner frequency ! q should be chosen as small enough not to influence the accuracy and robustness of the integration vðtÞ ¼ _ qðtÞ, while on the other hand it should be chosen as large enough to effectively limit the saturation of that particular actuator. Secondly, it is shown in Figure 5 that the hybrid damper with a significant magnitude of 5 0 locally modifies the vibration mode at the damper location, which leads to energy spillover to higher vibration modes resulting in the increased resonant peaks for the residual modes in Figure 7 and the rather irregular time histories shown in Figure 9 . Finally, Figure 9 indicates that a main limiting factor of the present hybrid damper concept may be the inherent overshoot of both the damper motion and damper force associated with transient excitation of the flexible structure.
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